Graphical Abstract Highlights d Single-cell signaling map of lung development identifies inter-lineage crosstalk d Lung-resident basophils are broadly interacting cells located near alveoli d Lung environment imprints the gene signature of basophils via IL33 and GM-CSF d Basophils regulate alveolar macrophage maturation and immunomodulation functions
INTRODUCTION
Mammalian tissues consist of diverse cell types that include fibroblasts, epithelial, endothelial, and immune lineages. Tissue formation during embryonic development requires the coordinated function and crosstalk between distinct cell types, in specific environmental contexts. Development of the lung into specialized cell types is a highly regulated process, characterized by unique pathways and functional properties. In parallel, cells of the immune system migrate from hematopoietic sites to the lung and establish an active immune compartment that interacts with stromal cells, influencing tissue differentiation, growth, and function.
Within a specific tissue, dominant signal transmitting cells determine the cellular quantities, composition, and characteristics by secretion of growth factors and cytokines (Camp et al., 2017; Lavin et al., 2014) . Notably, growth factors and cytokines have pleiotropic effects critical for priming and maintaining tissue-specific microenvironments. Furthermore, the exact timing of tissue-specific cell circuits is critical in propagating successive developmental programs essential for proper tissue development (Matcovitch-Natan et al., 2016; Zhou et al., 2018) . While tissue-specific crosstalk have been previously reported Guilliams et al., 2013; Rantakari et al., 2016) , a system-wide approach to evaluate cellular communication during tissue development and the influence of specific cell types on the maturation and maintenance of their neighbors remains an active research field (Camp et al., 2017; Nabhan et al., 2018) . Importantly, understanding cellular circuits during tissue development can potentially shed light on cellular crosstalk during pathologies.
The mammalian lung is the central respiratory organ, featuring a diverse set of specialized cell types. Gas exchange in the lung occurs in the alveoli, which are composed of specialized epithelial cells: the alveolar type (AT) 1 cells that mediate gas exchange, and AT2 cells that secrete surfactant and maintain the surface tension of the lungs (Whitsett and Alenghat, 2015) . Alveolar epithelial cells branch from their mutual progenitor between the canalicular (E16.5) and saccular (E18.5) stages, resulting in changes in morphology and gene expression (Treutlein et al., 2014) . Another major cell type is the alveolar macrophages (AM), which clear surfactant from the alveolar space and act as immune modulators, suppressing unwanted immune responses in the lungs (Hussell and Bell, 2014) . AM originate from fetal liver embryonic precursors and are self-maintaining, with no contribution from the adult bone marrow (Hashimoto et al., 2013; Shibata et al., 2001) . The first wave of lung macrophages appears at embryonic day 12.5 (E12.5), followed by a second wave stemming from fetal liver-derived monocytes, which continues its differentiation axis during alveolarization into mature AM (Ginhoux, 2014; Kopf et al., 2015) .
Every tissue is equipped with a unique signaling environment that interacts with the immune compartment and shapes the gene expression and chromatin landscapes of the cells Lavin et al., 2014; Panduro et al., 2016) . However, it is still unknown whether this is a universal principal that applies to all immune cells or is limited to a few plastic cell types (Lavin et al., 2014) . In the lung context, AM exhibit a tissue-specific phenotype and function (Gautier et al., 2012; Kopf et al., 2015; Lavin et al., 2014) . There is a major gap in our understanding of the dynamic signaling during the alveolarization process, as attempts to grow AM ex vivo have not been successful. Lung macrophage development and maturation was shown to be dependent on different growth and differentiation cues transmitted from epithelial cells (mainly AT2), innate lymphocytes (ILC), and the AM themselves (de Kleer et al., 2016; Guilliams et al., 2013; Saluzzo et al., 2017; Yu et al., 2017) . The function and crosstalk of other lung resident immune and non-immune cell types in the lung is currently much less understood.
Here, we report the extensive profiling of immune and nonimmune lung cells by single-cell RNA sequencing (RNA-seq) of 50,770 cells along major time points of lung development. We observed a highly diverse set of cell types and states. Analysis of interacting ligands and receptors in our dataset revealed a highly connected signaling network and highlighted lung basophils as cells expressing major growth factors and cytokine signaling. We discovered that lung resident basophils localize in close proximity to alveoli and exhibit a lung-specific phenotype, highly diverged from peripheral circulating basophils. Using Il1rl1 (interleukin [IL]-33 receptor) knockout mice and in vitro cultures, we discovered that lung basophils' education is mediated by the combinatorial imprinting of granulocytemacrophage colony-stimulating factor (GM-CSF) (Csf2) and IL-33 from the lung environment. Using different basophil depletion strategies and in vitro co-culture experiments, we demonstrate that basophils play an important role in guiding the maturation and function of AM in the lung. Our findings reveal an important role of lung resident basophils in lung development, and open new clinical strategies to macrophage manipulation and basophil-based therapeutics.
RESULTS

A Comprehensive Map of the Lung Cell Types during Development
To understand the contribution of different immune and non-immune cell types and states for lung development and homeostasis, we collected single-cell profiles along critical time points of lung development. In order to avoid biases stemming from cell-surface markers or selective tissue dissociation procedures, we combined a broad gating strategy and permissive tissue dissociation protocol, resulting in a comprehensive repertoire of the immune and non-immune cells located in the lung (Figures S1A-S1C; STAR Methods). We densely sampled cells from multiple time points of lung embryonic and postnatal development and performed massively parallel single-cell RNA-seq coupled to index sorting (MARS-seq) (Figures 1A and S1D-S1G; Table S1 ). We collected cells from major embryonic developmental stages: early morphogenesis (E12.5), the canalicular stage (E16.5), and the saccular stage (E18.5-E19.5; Late E) . We further collected cells from postnatal stages of alveolarization immediately after birth (1, 6, 7, and 10 hr postnatal; Early PN), 16 and 30 hr postnatal (Mid PN), as well as 2 days and 7 days postnatal ( Figure 1A) . To construct the lung cellular map, we profiled 10,196 CD45 À (non-immune) and 10,904 CD45 + (immune) single cells from 17 mice and used the MetaCell algorithm to identify homogeneous and robust groups of cells (''meta-cells'') (STAR Methods) , resulting in a detailed map of the 260 most transcriptionally distinct subpopulations (Figures S1H and S1I; Table S2 ; STAR Methods). A twodimensional representation of immune and non-immune single cells revealed separation of cells into diverse lineages (Figures 1B, S1H, and S1I). In the immune compartment, lymphoid lineages were detected including natural killer (NK) cells (characterized by high expression of Ccl5), ILC subset 2 (Il7r and Rora), T cells (Trbc2), and B cells (Cd19) ( Figure 1C ), while granulocytes and myeloid cells separated into neutrophils (Retnlg), basophils (Mcpt8), mast cells (Mcpt4), DCs (Siglech), monocytes (F13a1), and three different subsets of macrophages (macrophage Ear2) . Annotation by gene expression was further supported by conventional fluorescence-activated cell sorting (FACS) indices ( Figure S1J ). Despite its vast heterogeneity, clustering of the none-immune compartment (CD45 À ) revealed the three major lineages, epithelium (marked by Epcam expression), endothelium (Cdh5), and fibroblasts (Col1a2). In concordance with previous characterizations of lung development (Treutlein et al., 2014) , epithelial cells were separated into epithelium progenitors (high Epcam), AT1 cells (Akap5), AT2 cells (Lamp3), Club cells (Scgb3a2), and ciliated cells (Foxj1) subpopulations, while fibroblast subsets included fibroblast progenitors, smooth muscle cells (Enpp2), matrix fibroblasts (Mfap4), and pericytes (Gucy1a3) (Figures 1B and 1C) . Overall, these data provide a detailed map of both the abundant and extremely rare lung cell types (>0.1% of all cells, Figure S1K ) during important periods of development, which can be further used to study the differentiation, maturation, and cellular dynamics of the lung.
Lung Compartmentalization Is Shaped by Waves of Cellular Dynamics
During embryogenesis and soon after birth, the lung undergoes dramatic environmental changes with its maturation and abrupt exposure to airborne oxygen. Accordingly, our analysis shows that meta-cell composition varies widely at these time points (Figures 2A, S2A, and S2B ). At the cell-type level, the most prominent cellular dynamics in the immune and non-immune compositions were observed during pregnancy (Figures 2B and 2C) . Notably, because tissue dissociation protocols might affect cell type abundances, they can only be regarded as relative quantities ( Figure S1B ). At the earliest time point (E12.5), the immune compartment was composed mainly of macrophages (51% of CD45 + cells), specifically related to subset I, monocytes (10%), and mast cells (11%), whereas at the canalicular stage (E16.5) monocytes, macrophages (subset II), neutrophils, and basophils were dominant (58%, 13%, 7%, and 4% respectively) and the macrophage I subset was almost diminished. Starting from late pregnancy, all major immune cell populations were present, and later dynamics showed a steady increase in the lymphoid cell compartment (B and T cells), which reached up to 32% of the immune population on day 7 PN, and changes in the composition of the macrophage population ( Figure 2B ). Similar to the immune compartment, dynamics in non-immune cell composition were most pronounced during pregnancy (Figure 2C) ; E12.5 was composed mainly of undifferentiated fibroblasts (83%) and progenitor epithelial cells (10%). At E16.5, the progenitor epithelial subset continued to increase (30%) and a new epithelial cell subset of club cells (5%) appeared, in parallel to the appearance of pericytes, an increase in endothelium and the appearance of matrix fibroblasts. The cellular composition stabilized from late pregnancy onward, with the appearance of Table S2 ) resulting in a two-dimensional projection of single cells onto a graph representation. 20,931 single cells from 17 mice from all time points were analyzed. 260 meta-cells were associated with 22 cell types and states, annotated, and marked by color code. (C) Expression quantiles of key cell-type-specific marker genes on top of the 2D map of lung development. Bars depict unique molecular identifier (UMI) distribution of marker genes across all cell types, down-sampled for equal cell numbers. See also Table S1. smooth muscle fibroblasts and branching of epithelium into AT1 and AT2 cells (Figure 2C) . These cellular dynamics were consistent across biological replicates (Figures S2C and S2D) .
In accordance to previous works (Kopf et al., 2015; Tan and Krasnow, 2016) , we identified three distinct macrophage subsets, which we term macrophage I-III. These subsets appeared in waves during development, with macrophage I dominating in early pregnancy, macrophage II culminating around birth, and macrophage III steadily increasing since late pregnancy stage, and becoming the majority on day 7 PN ( Figure 2D ). Macrophage I cells are transcriptionally distinct from macrophage subsets II-III. Notably, macrophage subsets II-III form a continuous transcriptional spectrum with E16.5 monocytes ( Figure 2E ), suggesting that macrophages II and III differentiate from fetal liver monocytes, rather than from macrophage subset I, which might have a yolk sac origin (Ginhoux, 2014; Tan and Krasnow, 2016) (Figure 2E ). To infer the most probable differentiation trajectory for monocytes and macrophage subsets, we used Slingshot for pseudo-time inference (Street et al., 2017) and characterized a gradual acquisition of macrophage genes from E18.5 onward (late E, Figure 2F ). Slingshot trajectory suggests a linear transition of macrophage subsets along the developmental time points. Transcriptionally, macrophage I cells expressed high levels of Cx3cr1 and complement genes (C1qa, C1qb) (Figures 2G and S2E) . Macrophage II were molecularly reminiscent of monocytes, expressing Ccr2, F13a1, and Il1b, and intermediate levels of alveolar macrophage (AM)-hallmark genes, such as Il1rn, Lpl, Pparg, and Clec7a (Kopf et al., 2015; Schneider et al., 2014) Table S1 ). (D) Dynamic changes in macrophage compartment composition plotted before and after birth (hours; t 0 = birth). Dots represented biological samples (n = 15). Trend line is computed by local regression (Loess). (E) Suggested trajectory from monocytes to macrophage II-III on the 2D map. (F) Gene expression profiles of monocytes and macrophage II-III cells ordered according to Slingshot pseudo-time trajectory (STAR Methods). Lower color bars indicate annotation by cell type (middle) and time point of origin (bottom). (G) Expression of hallmark monocyte and macrophage genes across meta-cells. Meta-cells are ordered by median pseudo-time; five leftmost meta-cells are macrophage I. , Fabp5, Il1rn, Car4, Lpl, Clec7a, and Itgax (Gautier et al., 2012; Lavin et al., 2014) (Figures 2F, 2G, S2E, and S2F) . We similarly reconstructed the differentiation waves in the fibroblast and epithelial lineages, highlighting the main genes associated with the branching of smooth muscle and matrix fibroblasts (Figures S2G-S2K) and priming of epithelium progenitors into AT1 and AT2 cells ( Figures S2L and S2M ). Together, our data reveal tightly regulated dynamic changes in both cell type composition and gene expression programs along lung development. These cellular and molecular dynamics across different cell types suggest that these programs are orchestrated by a complex network of cellular crosstalk.
Fabp4
Lung Basophils Broadly Interact with the Immune and Non-immune Compartments
In multicellular organisms, tissue function emerges as heterogeneous cell types form complex communication networks, which are mediated primarily by interactions between ligands and receptors (LR) (Zhou et al., 2018) . Examining LR pairs in singlecell maps can potentially reveal central cellular components shaping tissue fate (Camp et al., 2017; Zhou et al., 2018) . In order to systematically map cellular interactions between cells and reveal potential communication factors controlling development, we characterized LR pairs between all lung cell types ( Figure 3A ). Briefly, we filtered all LR expressed in at least one meta-cell and associated each ligand or receptor with its expression profile across all cells and along the developmental time points, using a published dataset linking ligands to their receptors (STAR Methods) (Ramilowski et al., 2015) .
In the developing lung, modules of LR mainly clustered by cell type (Figures S3A-S3C ). However, for some LR, we could identify significant changes in expression levels in the same cell type during development ( Figure S3D ; Table S3 ). We projected ligands and receptors based on their correlation structure, resulting in a graphical representation of all LR and their interactions, which highlighted their separation into cell-type related modules ( Figure 3B ; STAR Methods). The lung LR map showed a clear separation between the communication patterns of the immune and non-immune compartments ( Figures 3C and S3E ), characterized by enrichment of LR interactions between the immune compartment (I) and itself and between the non-immune compartment (NI) and itself and depletion of interactions between compartments p < 10 À4 , Figure S3F) . Notably, whereas the majority of crosstalk occurs within each compartment, sporadic I-NI and NI-I interactions might include key signaling pathways for tissue development and homeostasis. We next classified specific ligand families and pathways into functional groups (STAR Methods). As expected, cytokines and components of the complement system were found mainly in the immune compartment, as well as the receptors recognizing them ( Figures 3D and 3E ). Complementarily, the non-immune compartment was enriched for growth factors, matrix signaling, and cell adhesion ligands and receptors (Figures 3D and 3E) .
To identify important cellular communication hubs involved in a large number of interactions between and within compartments, we examined LR expression patterns across different cell types (Table S3 ). From the non-immune compartment, smooth muscle fibroblasts, expressing Tgfb3 and the Wnt ligand Wnt5a (Nabhan et al., 2018) , and AT2 cells, characterized by the exclusive expression of interleukin 33 (Il33) and surfactant protein (Sfpta1), were involved in complex NI-NI and NI-I signaling ( Figures 3F and 3G) (Saluzzo et al., 2017) . Within the immune compartment, we observed expression of hallmark receptors important for differentiation and maturation of unique cell subsets, such as Csf2rb and Csf1r in monocytes and macrophages (Ginhoux, 2014; Guilliams et al., 2013; Schneider et al., 2014) ( Figures S3G-S3I ). ILC, previously implicated to play an important role in the differentiation of AM (de Kleer et al., 2016; Saluzzo et al., 2017) , were found here as the major cells expressing Csf2 (GM-CSF, Figure 3H) . Surprisingly, basophils, comprising a rare population of the immune compartment (1.5%), displayed a rich and complex LR profile, interacting with both the immune and the non-immune compartments. The interaction map highlighted basophils as the main source of many key cytokines and growth factors, such as Csf1, Il6, Il13, and Hgf (Figures 3I and S3J) , and their counterpart receptors were expressed by unique resident lung cells. Overall, our analysis confirms important and established LR interactions in the process of lung development, while discovering potential novel crosstalk circuits between and within lung immune and non-immune cell types.
Lung Basophils Are Characterized by Distinct Spatial Localization and Gene Signature
In light of the rich interactive profile of basophils ( Figure 3I ), we hypothesized that these cells may have a central role in cellular communication within the lung, both by responding to lung cues and by modifying the microenvironment. In order to identify the spatial localization of lung basophils, we implemented a Mcpt8 YFP/+ transgenic mouse model and observed that YFP + basophils within the lung parenchyma were localized in close proximity to alveoli at 30 hr PN, on day 8.5 PN, and in 8-weekold mice ( Figure S4A ). We combined TissueFAXS images of whole lobe sections together with a semi-automated computational analysis to accurately identify basophils and quantify their spatial localization in the lung (STAR Methods). We observed that basophils were more likely to reside in proximity to alveoli than randomly selected cells, on day 8.5 PN, and to a lesser extent, in 8-week-old adult mice (Figures 4A and 4B; STAR Methods) . In order to further measure basophil spatial organization in the lung parenchyma, we performed tissue clearing followed by left lung lobe imagining of Mcpt8 YFP/+ mice at different time points. Anti-GFP antibody staining further confirmed that basophils were distributed all over the lung lobes ( Figure 4C ; Videos S1, S2, and S3).
To molecularly characterize lung basophils, we sought to extensively isolate them by flow cytometry. We gated on basophil-specific markers identified in the data (CD45 + FceR1a + cKit À ) and validated our sorting strategy using MARS-seq analysis (Figures S4B and S4C) . Analysis of Mcpt8 YFP/+ transgenic mice showed that 84% of CD45 + FceR1a + cKit À cells are YFP + cells, and 98% express the basophil marker CD49b (Figures S4D and S4E) . Basophil quantification per whole lung tissue showed a gradual accumulation of this population along tissue development ( Figure 4D ), and its percentage within the immune population (CD45 + ) remained stable ( Figure 4SF ). To inspect whether lung basophils have a unique resident expression program that is not observed in the circulation, we sorted time point-matched basophils from lung and peripheral blood for MARS-seq analysis ( Figure S4F ). The gene expression profile of lung basophils differed from blood-circulating basophils, characterized by a unique gene signature, that includes expression of Il6, Il13, Cxcl2, Tnf, Osm, and Ccl4 ( Figures 4E and 4F ). This unique gene signature persisted in the adult lung resident basophils (Figures 4F, 4G, and S4G; Table S4 ). Notably, the ligands Il6, Hgf, and L1cam are exclusively expressed by lung basophils, compared to other lung immune and non-immune cells ( Figures S4H and S4I ). Together, we show that lung resident basophils reside within the tissue parenchyma, specifically localize near the alveoli, and acquire distinct and persistent Table S3 .
lung-characteristic signaling and gene program compared to their circulating counterparts.
IL33 and GM-CSF Imprint the Lung-Alveolar Basophil Transcriptional Identity Because lung-resident basophils showed a unique gene expression signature, we analyzed the data for lung-specific signals that can serve as differentiation cues for lung basophil receptors (Table S3 ). Csf2 (GM-CSF) is a hematopoietic growth factor, whose role in shaping the lung microenvironment and specifically AM, has long been established (Ginhoux, 2014; Guilliams et al., 2013; Shibata et al., 2001) . Interestingly, we found that the major source of Csf2 expression in the lung stemmed from ILC and the basophils themselves, with only a small contribution from AT2 cells. Among all lung cells, basophils expressed the highest RNA and protein levels of Csf2rb, a major receptor for Csf2 ( Figures 5A and 5B ). In addition, basophils and mast cells expressed the highest RNA and protein levels of the receptor Il1rl1 (IL33R/ST2), which specifically binds Il33 (Figures 5C and  5D ). Previous reports identified IL-33 as a major driver for cellular differentiation and lung maturation, expressed mainly by AT2 cells. Specifically, lung ILC-2 were previously reported to depend on IL33-ST2 signaling for their function (de Kleer et al., 2016; Saluzzo et al., 2017) . Single-molecule fluorescent in situ hybridization (smFISH) staining of post-natal lung tissue for Il1rl1 and Il33 genes, together with the basophil marker Mcpt8, Table S4 and Videos S1, S2, and S3. showed co-expression of these genes in neighboring cells, suggesting that basophils and AT2 cells reside in spatial proximity in the lung tissue ( Figure 5E ). Immunohistochemistry (IHC) staining of AT2 and basophils at adult lung tissue further confirmed these results and localized this signaling in the alveoli niche ( Figure 5F ). To functionally validate the effects of IL-33 signaling on the lungbasophil gene expression profile, we purified basophils from the lungs of Il1rl1 (IL33R) knockout mice for MARS-seq analysis. We found that Il1rl1-deficient lung basophils lacked expression of many of the genes specific to lung-resident basophils, and showed higher similarity to blood-circulating basophils (Figures 5G, 5H, and S5A), suggesting that IL-33 signaling is mediating a large part of the specific gene signature of lung basophils. In order to test whether the lung environmental signals IL-33 and GM-CSF are directly responsible for inducing the lung basophil phenotype, we used an in vitro system where we cultured bone marrow (BM)-derived basophils in media supplemented with these cytokines. We differentiated BM-derived cells in IL3-supplemented medium, isolated basophils by negative selection of cKit (BM-basophils), and cultured them in the presence of growth media alone (IL3) or with different combinations of the lung cytokine milieu; GM-CSF and/or IL-33 ( Figure 5I , S5B-C). We found that IL-33 and GM-CSF each induced a specific transcriptional program ( Figure S5D ). IL-33 induced a major part of the lung basophil gene signature including the ligands Il6, Il13, Il1b, Tnf, Cxcl2, and Csf2, as well as the transcription factor Pou2f2 ( Figures 5J and S5E ), while GM-CSF induced a smaller set of the lung basophil gene program. Interestingly, we found that cells cultured with both GM-CSF and IL-33 activated both programs, suggesting a combinatorial effect of both cytokines on the BM-basophil signature ( Figures 5K and S5F ). Furthermore, revisiting the in vivo lung and blood basophils by projecting their gene expression profile on the GM-CSF/IL-33 differentiation programs revealed a time point-independent upregulation of both expression programs in lung-resident basophils compared to basophils from circulation ( Figure 5L ). Further support for two independent signaling programs was derived from the Il1rl1 knockout mice, which showed that Il1rl1-knockout basophils perturbed the IL-33 program without any change in expression of GM-CSF-induced genes ( Figure S5G ). Together, a combination of knockout data and in vitro assay demonstrate that the lung environment imprints a robust transcriptional program in basophils, which is mediated by at least two independent signaling pathways, dominated by IL-33, and with minor contribution of GM-CSF.
Lung Basophils Imprint Naive Macrophages with an Alveolar Macrophage Phenotype
The expression of critical lung signaling molecules by basophils prompted us to explore their signaling activity and contribution in shaping the unique phenotype of other lung resident cells. As lung-resident basophils highly express Il6, Il13, and Csf1, three important myeloid growth factors, we hypothesized that they may interact with other myeloid cells, particularly macrophages, via Il6ra, Il13ra and Csf1r (Figures 3, 6A -6D, and S6A). IHC of basophils (Mcpt8) and macrophages (F4/80) showed their spatial proximity within lung parenchyma during the alveolarization process ( Figure 6E ). In order to evaluate the impact of basophils on macrophage differentiation, we tested the effect of lung-basophil depletion on the maturation of lung myeloid cells. For this purpose, we administered anti-Fcεr1a (MAR1) antibody or isotype control intra-nasally to neonatal mice to induce local depletion of basophils (two injections at 12 hr and 16 hr PN; STAR Methods) and collected lung CD45 + cells 30 hr PN for MARS-seq analysis ( Figure S6B ). The anti-Fcεr1a antibody efficiently and specifically depleted basophils in the lung, without perturbing the frequencies of other immune cells, determined both by FACS and MARS-seq ( Figures 6F, S6C , and S6D). Lung basophil depletion was coupled with a reduction of the AM fraction (macrophage III) within the macrophage compartment ( Figure 6G ). Moreover, macrophages derived from basophil-depleted lungs showed a decrease in expression of genes reminiscent of mature AM, including an anti-inflammatory (M2) module (Clec7a, Ccl17) and an increase in genes related to macrophage II (p = 10 À4 ; Figures 6H, S6E , and S6F). Specifically, we observed downregulation in the levels of Il1rn, Ear1, Lpl, Clec7a, and Siglec5, hallmark genes of AM, concomitantly with the induction of F13a1, a gene shared by macrophage II and monocytes ( Figure 6I ). Because a proper AM maturation process is critical for their role in lung-immunomodulation and as phagocytic cells, we further characterized the effect of constitutive basophil depletion on AM function in adults. For this, we compared cells derived from bronchoalveolar lavage fluid (BALF) of adult Mcpt8 cre/+ DTA fl/+ mice, depleted specifically of basophils, to littermate controls. In both conditions, BALF cells consisted of 98% AM ( Figure S6G ). However, Mcpt8 cre/+ DTA fl/+ BALF had an overall lower cell count compared to control littermates ( Figure 6J ). Importantly, Mcpt8 cre/+ DTA fl/+ -derived AM were impaired in the phagocytosis of inactivated bacteria compared to controls ( Figure 6K ). Together, our data show that the lung-basophil AM niche is (H) Distribution of lung basophil-specific signature ( Figure S4G ) in Il1rl1 knockout and littermate controls. Boxplots display median bar, 1 st -3 rd quantile box, and 5 th -95 th percentile whiskers. (I) Illustration of experimental paradigm for in vitro culture. BM-derived cells were grown with IL3 to induce basophils for 10 days and then cKit À cells were sorted for plating ( Figure S4J ). Basophils were plated for 16 hr with IL3 alone (a), IL3 and GM-CSF (b), IL3 and IL33 (c), and a combination of IL3, IL33, and GM-CSF (d). Gene expression of single-cell-sorted basophils was evaluated by MARS-seq. (J) Expression of key genes across the four conditions. Values indicate normalized expression per 1,000 UMI per cell. (K) Scoring meta-cells from the four conditions for their expression of the IL33-induced program (y axis) and the GM-CSF-induced program (x axis; Figure S4L ). Meta-cell identity is determined by the majority of cells. (L) Scoring meta-cells from 30 hr PN lung (filled red circles) and blood circulating (empty red circles) basophils, and adult (8-week-old) lung (filled brown circles) and blood circulating (empty brown circles) basophils projected on the gene-expression programs described in (K) . (J-L) Samples were prepared in triplicates, and results are representative of three independent experiments. *p < 0.05, **p < 0.01. Data are represented as mean ± SEM. See also Figure S5 . (legend continued on next page) important for differentiation, compartmentalization, and phagocytic properties of AM.
The effect of lung basophils on AM maturation in vivo led us to ask whether lung basophils can promote transition of monocytes or naive macrophages toward the AM signature directly. For this hypothesis, we performed an in vitro co-culturing assay. Naive BM-derived macrophages (BM-MF) were cultured alone or cocultured with BM basophils in growth media supporting both cell types respectively) , with or without a combination of GM-CSF and IL-33, the milieu signaling that primes basophils toward the lung-basophil phenotype ( Figure S6H ; STAR Methods). Co-culturing of BM-basophils with BM-MF did not change the previously characterized basophil phenotype in any condition ( Figure S6I ). However, meta-cell analysis showed a clear distinction between BM-MF that were cultured with and without basophils ( Figure 6L ). Importantly, only BM-MF grown in the presence of lung milieu-primed (GM-CSF + IL33) basophils upregulated genes associated to AM, including an anti-inflammatory (M2) module (Cc17, Clec7a, Arg1, and Itgax; Figures 6L, 6M , and S6J). Notably, this effect on BM-MF polarization was not seen when macrophages were cultured in a medium that was supplemented with lung environmental cytokines (GM-CSF and IL-33) alone, showing that these cytokines mediate the signaling effect via basophils ( Figures 6L and 6M ). We characterized a large and reproducible change in gene expression of BM-MF co-cultured with lung milieu-primed basophils compared to all other conditions, affecting many genes differentially expressed between macrophage subsets III (mature AM) and II, previously associated with the alternative anti-inflammatory (M2) polarization phenotype (p < 10 À10 ; Figures 6M, 6N , S6K, and S6L) (Gordon, 2003) . To further examine the direct effect of lung milieu-primed basophils on AM maturation, we next purified CD45 + CD115 + myeloid cells containing mainly monocytes and undifferentiated AM from 30 hr PN lungs, and performed the co-culture experiment ( Figure S6G ). Importantly, the same lung basophil program induced in naive BM-MF in vitro ( Figure 6M ) was also upregulated in monocytes and undifferentiated AM that were cultured with lung milieuprimed basophils (GM-CSF + IL-33) ( Figure 6O ), while it was downregulated in macrophages derived from basophil-depleted lungs ( Figure 6P ). These data suggest that the basophil phenotype might be imprinted by tissue environmental cues, and as a result, they mediate immunomodulating activities in tissue myeloid cells. We therefore compared gene expression profiles of basophils derived from lungs of 8-week-old mice to basophils isolated from the tumor microenvironment of B16 melanoma cell line injected mice and from spleen and liver of 8-week-old mice ( Figure S6M ). While all tissue basophils highly expressed basophil marker genes (e.g. , Mcpt8, Cpa3, Cd200r3, Fcer1a) , the lung signature was exclusive, with higher similarity to tumorderived basophils, mainly in expression of immune suppression genes such as Il4, Il6, Osm, and Il13 (Figures S6M and S6N) . Taken together, our data indicate that the instructive signals from the lung environment imprint basophils with a unique signature of cytokines and growth factors, which subsequently propagate important signals to other lung resident cells, including the polarization of AM toward phagocytic and anti-inflammatory macrophages.
DISCUSSION
Despite their great promise, single-cell RNA-seq methods are still limited in their ability to reconstruct cellular signaling and location of unique niche structures, which are central to our understanding of molecular mechanisms involved in tissue development, homeostasis, and disease (Giladi and Amit, 2018) . Recent efforts applied ex vivo and organoid assays to explore interactions between cells (Camp et al., 2017) , but this has not (F) Fraction of basophils (Fcεr1a + cKit À ) from total CD45 + cells in lungs derived from anti-Fcεr1a and isotype control injected mice, as determined by FACS. Student's t-test (two-tailed) for percent of lung basophils; n = 3. (G) Fraction of macrophage III from total macrophages in lungs derived from anti-Fcεr1a and isotype control-injected mice. Numbers were scaled to match control levels between experiments. Student's t-test (two-tailed) for percent of AM. been approached yet in the context of whole tissues in vivo.
Here, we combined tissue developmental dynamics in the level of single-cell RNA-seq profiling, with an extensive screen for all ligand-receptor interactions between cell types, generating a comprehensive cellular network of all lung types.
Basophils are thought to be short-lived granulocytic cells, and their major function has been mainly attributed to induction of Th2 responses in allergy and IL-4 secretion after helminth infection (Min et al., 2004; Sokol et al., 2009 ). However, their role in tissue development and homeostasis is unclear. We found that lung basophils are characterized by expression of many cytokines and growth factors, critical for immune and non-immune cell functions. Historically, due to morphological and gene expression similarities, many functional features have been attributed, interchangeably, to both mast cells and basophils, mainly regarding their involvement in allergy responses (Varricchi et al., 2018) . Nonetheless, unlike mast cells, which enter tissues as immature progenitors and finalize their development inside them, basophils were thought to reach full differentiation in hematopoietic tissues and circulate in the blood until they are eliminated or recruited into tissues under pathological conditions (Marone et al., 2002) . Interestingly, the novel lung alveolar basophil subset we identified exists in the lung in early developmental stages, and also during adulthood, and exhibits tissue-specific characteristics dependent on lung-specific signals.
Lung basophils acquire their unique phenotype due to exposure to lung-specific signals, GM-CSF and IL33, both in vivo and in vitro. This is in accordance with in vitro studies showing elevation in IL-6 and IL-4 expression by basophils following exposure to IL33 and a combinatorial effect of both IL33 and GM-CSF on increased survival rate of the cytokine supplemented basophils (Chhiba et al., 2017; Schneider et al., 2009) . Lung basophils form a complex signaling network through their exclusive ligands, such as Il6 and Hgf (Ohmichi et al., 1998) , by communicating with receptors expressed by a vast range of cell types. Notably, Il6 expression, which is the most significant feature of lung basophils, was attributed previously to the induction of humoral memory immune responses and to the induction of Th17 differentiation in the context of basophils (Yuk et al., 2017) . However, it may have other functions in the developing lung, because the lymphocyte compartment is only established in late stages of lung development.
Lung basophils polarize AM toward an anti-inflammatory state (M2), evident by the elevated expression of the hallmark antiinflammatory genes Arg1, Clec7a, and Itgax (Gordon, 2003) . The unique signaling of lung alveolar basophils, together with their gene expression resemblance to basophils derived from tumor microenvironment, suggest they may play a role in pathologies and have potential for generating new immunotherapies. In pathologies characterized by chronic inflammation, introduction of IL33-imprinted basophils (or the cytokines they secrete) may induce macrophages toward anti-inflammatory responses and promote inflammation resolution. Conversely, in pathologies that are exacerbated due to function of anti-inflammatory macrophages, as happens in many tumors and pulmonary fibrosis, basophil depletion may be beneficial in attenuating the detrimental immune response by suppression of tumor associated and the pro-fibrotic macrophage activity.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Tumor cell line B16F10 murine melanoma cells were maintained in DMEM, supplemented with 10% FCS, 100 U/mL penicillin, 100 mg/mL streptomycin and 1 mM l-glutamine (Biological Industries). Cells were cultured in a humidified 5% CO2 atmosphere, at 37 C.
METHOD DETAILS
Lung dissociation and single cell sorting Single-cell experiments were performed on embryonic mouse lung at E12.5, E16.5, E18.5 and E19.5, on neonate lung at 1, 6, 7, 10, 16, 30h, 2 days, and 7 days PN, and on adult mouse lung (8-12 weeks). In general, embryonic experiments were performed on pooled sibling lungs of one litter (at E12.5 six lungs were pooled, at E16.5, E18.5 and E19.5 three lungs were pooled, at PN time points 2 lungs were pooled, and for adult lungs, samples were not pooled). Embryos were euthanized by laying on a frozen surface, while PN and adult mice were scarified by overdose of anesthesia. For all time points, except E12.5, mice were perfused by injection of cold PBS via the right ventricle prior to lung dissection. Lung tissue was dissected from mice and half tissues were homogenized using lung dissociation kit (Miltenyi Biotec), while enzymatic incubation was adapted to single cell protocol, and therefore was lasted 15min (for 8 week adult mice, enzymatic digestion was lasted 20min). The second half of the lung was dissociated as previously documented (Treutlein et al., 2014) , briefly cells were supplemented with DMEM/F12 medium (Sigma-Aldrich) containing Elastase (3U/ml, Worthington) and DNase (0.33U/ml, Sigma-Adrich) incubated with frequent agitation at 37 C for 15min. Next, an equal volume of DMEM/F12 supplemented with 10%FBS, 1U/ml penicillin, and 1Uml streptomycin (Biological Industries) was added to single-cell suspensions. Following dissociations, single cell suspension of the same lung was merged and centrifuged at 400 g, 5min, 4 C. All samples were filtered through a 70 mm nylon mesh filter into ice cold sorting buffer (PBS supplemented with 0.2mM EDTA pH8 and 0.5% BSA). For calibration of lung dissociation protocol, cells derived from adult mouse lungs were supplemented with 1). DMEM (Biological Industries) containing Liberase (50mg/ml, Sigma-Aldrich) and DNase (1mg/ml, Roche); 2). PBS Ca + Mg + (Biological Industries) containing Collagenase IV (1mg/ml, Worthington) and Dispase (2.4U/ml, Sigma-Adrich); 3). DMEM/F12 (Sigma-Aldrich) containing Elastase and DNase, as described above; and 4). Enzymes derived from lung dissociation kit (Miltenyi biotec), as described above. Following enzymatic digestion with frequent agitation at 37 C for 20min, an equal volume of DMEM supplemented with 10%FBS, 1U/ml penicillin, and 1Uml streptomycin (Biological Industries), or sorting buffer was added to single-cell suspensions from liberase and collagenase-dispase treatments, respectively. All live cells were sorted, after exclusion of doublets and erythrocytes, for MARS-seq analysis. Single cell analysis of cells extracted by each dissociation technique showed differential distribution of cell types ( Figure S1B ). Next, we chose dissociation protocol for the study that extracted vast range of cell populations from the immune and the non-immune compartments, without any preference to specific cell type stemming from the dissociation enzymes. Therefore, lung digestions along the study were a combination of elastase digestion, which lead to the extraction of epithelial cells and AM, and miltenyi kit protocol, which led to the extraction of different cell populations from the immune compartment. Importantly, these digestions were not characterized in any cell type preference, like endothelium dominancy that we found following collagenase-dispase and liberase treatments ( Figure S1B) ; however, the percentages of cells observed in the single cell maps are dependent on the different lung dissociation methods (Figures 1B, 2B, and 2C) .
Isolation of peripheral blood cells
Peripheral blood cells were suspended with 20ml of heparin, and washed with PBS supplemented with 0.2mM EDTA pH8 and 0.5% BSA. Cells were suspended with ficoll-Paque PLUS (1:1 ratio with PBS, Sigma-Adrich) and centrifuged at 460 g, 20min, 10 C, with no-break and no-acceleration. The ring-like layer of mononuclear cells was transferred into new tube and washed twice with cold PBS, centrifuged at 400 g, 5min, 4 C, passed through a 40mm mesh filter, and then suspended in ice-cold sorting buffer.
Tumor microenvironment dissociation
For purification of basophils from tumor microenvironment, 1x10 6 cells were suspended in 100ml PBS and injected subcutaneous (s.c.) into 8-week mice. Solid tumors were harvested 10 days post injection, cut into small pieces, and suspended with RPMI-1640 supplemented with DNase (12.5mg/ml, Sigma-Adrich) and collagenase IV (1mg/ml, Worthington). Tissues were homogenized by GentleMacs tissue homogenizer (Miltenyi Biotec), and incubated at 37 C for 10min. Following two times of mechanic and enzymatic dissociation, cells were washed and suspended in red blood lysis buffer (Sigma-Aldrich) and DNase (0.33U/ml, Sigma-Adrich), incubated for 5min at room temperature, washed twice with cold PBS, passed through a 40mm mesh filter, centrifuged at 400 g, 5min, 4 C and then resuspended in ice cold sorting buffer.
Spleen dissociation
Tissue was harvested from 8 week females, suspended with accutase solution (Sigma-Adrich), homogenized by GentleMacs tissue homogenizer (Miltenyi Biotec), and incubated with frequent agitation at 37 C for 10min. Cells were washed and suspended in red blood lysis buffer (Sigma-Aldrich) and DNase (0.33U/ml, Sigma-Adrich), incubated for 3min at room temperature, washed twice with cold PBS, passed through a 40mm mesh filter, centrifuged at 400 g, 5min, 4 C and then resuspended in ice cold sorting buffer.
Liver dissociation
Basophils from the liver were isolated by a modification of the two-step collagenase perfusion method of Seglen (1973) . Digestion step was performed with Liberase (20mg/ml; Roche Diagnostics) according to the manufacturer's instruction. Liver was minced to small pieces, suspended with PBS and centrifuged at 30 g, 5min, 4 C. Supernatant was collected in new tube (to remove hepatocytes), suspended with PBS and centrifuged at 30 g, 5min, 4 C (this step was repeated twice). Following second wash, supernatant was collected in new tube, centrifuged at 500 g, 5min, 4 C, and then resuspended in ice-cold sorting buffer.
Flow cytometry and sorting
Cell populations were sorted with SORP-aria (BD Biosciences, San Jose, CA) or with AriaFusion instrument (BD Biosciences, San Jose, CA). Samples were stained using the following antibodies: eF780-conjugated Fixable viability dye, eFluor450-conjugated TER-119, APC-conjugated CD45, FITC-conjugated CD117 (cKit), and PerCPCy5.5-conjugated F4/80 were purchased from eBioscience, PerCP Cy5.5-conjugated FCεRa1 (MAR1), APC-Cy7-conjugated Ly6G, FITC-conjugated CD3, PE-Cy7-conjugated CD19, PE-Cy7-conjugated CD31, APC-Cy7-conjugated CD326, APC/Cy7-conjugated TER-119, AF700-conjugated CD45, Pacific blue-conjugated CD49b, PE-conjugated Fcer1a, PE/Cy7-conjugated CD117, FITC-conjugated Ly6C, PE-conjugated CD11c, BV605-conjugated CD11b and BV605-conjugated Ly-6C were purchased from Biolegend, and FITC-conjugated CD11C was purchased from BD-PharMingen.
Prior to sorting, cells were stained with DAPI or fixable viability dye for evaluation of live/dead cells, and then filtered through a 40 mm mesh. For the sorting of whole immune cell populations, samples were gated for CD45 + , for sorting of whole stromal cell samples were gated for CD45 -, and for the isolation of basophils, samples were gated for CD45 + FCεR1a + cKit -, after exclusion of doublets, dead cells and erythrocytes. To record marker level of each single cell, the FACS Diva 7 ''index sorting'' function was activated during single cell sorting. Following the sequencing and analysis of the single cells, each surface marker was linked to the genomewide expression profile. This methodology was used to optimize the gating strategy. Isolated live cells were single-cell sorted into 384-well cell capture plates containing 2 mL of lysis solution and barcoded poly(T) reverse-transcription (RT) primers for singlecell RNA-seq Paul et al., 2015) . Four empty wells were kept in each 384-well plate as a no-cell control during data analysis. Immediately after sorting, each plate was spun down to ensure cell immersion into the lysis solution, and stored at À80 C until processed.
For evaluation of protein levels of receptors expressed by lung basophils, we performed cell surface staining of PE-conjugated CD131 (CSF2Rb, Miltenyi Biotec), PE/Cy7-conjugated IL-33R (Biolegend), and PacificBlue-conjugated CD49b (Biolegend). For evaluation of intracellular protein levels of ligands expressed by lung basophils, cells were incubated with RPMI-1640 supplemented with 10% FCS, 1mM l-glutamine, 100U/ml penicillin, 100 mg/ml streptomycin (Biological Industries) and GolgiStop (1:1000; for IL-13, BD bioscience, San Jose, CA), or Brefeldin A solution (1:1000, for IL-6, Biolegend), for 2h at 37 C, to enable expression of intracellular cytokines, and to prevent their extracellular secretion. Cells were washed, fixed, permeabilized and stained for surface and intracellular proteins using the Cytofix/Cytoperm kit, according to the manufacture's instructions (BD bioscience, San Jose, CA). For the intracellular experiments the following antibodies were used: PE-conjugated IL-6 (Biolegend), PE-conjugated IL-13 (eBioscience) and matched Isotype control PE-conjugated Rat IgG1 (Biolegend). Cells were analyzed using BD FACSDIVA software (BD Bioscience) and FlowJo software (FlowJo, LLC) .
BM derived cell cultures BM progenitors were harvested from C57BL/6 8 week old mice and cultured at concentration of 0.5 3 10 6 cells/ml. For BM-MF differentiation, BM cultures were cultured for 8 days in the presence of M-CSF (50ng/ml; Peprotech). On day 8, cells were scraped with cold PBS and replated on 96-well flat bottom tissue culture plates for 16h. For BM-derived basophils differentiation, BM cultures were cultured for 10 days in the presence of IL-3 (30 ng/ml; Peprotech). Basophils were enriched by magnetic-activated cell sorting for CD117population (cKit; Miltenyi Biotec), and replated on 96-well flat bottom tissue culture plates for 16h. All BM cultures were done in the standard media RPMI-1640 supplemented with 10% FCS, 1mM l-glutamine, 100U/ml penicillin, 100 mg/ml streptomycin (Biological Industries). Every 4 days BM cultures were treated with differentiation factors M-CSF (50ng/ml) or IL-3 (30ng/ml). Following replating of BM-derived cells, co-cultured and mono-cultured cells were seeded in concentration of 0.5 3 10 6 cells/ml (1:1 ration in co-cultures), and supplemented with IL-3 (10ng/ml) and M-CSF (10ng/ml) for cell survival, IL33 (50ng/ml; Peprotech) or GM-CSF (50ng/ml; Peprotech) for cell activation.
For co-culture of BM-basophils with lung-derived monocytes and undifferentiated macrophages, we sorted CD45 + CD115 + myeloid cells from 30h PN lungs and performed the in vitro experiment, as detailed above.
MARS-seq Library preparation
Single-cell libraries were prepared as previously described . In brief, mRNA from cell sorted into cell capture plates were barcoded and converted into cDNA and pooled using an automated pipeline. The pooled sample is then linearly amplified by T7 in vitro transcription, and the resulting RNA is fragmented and converted into a sequencing-ready library by tagging the samples with pool barcodes and illumina sequences during ligation, RT, and PCR. Each pool of cells was tested for library quality and concentration is assessed as described earlier .
Lung-resident basophil depletion
For depletion of basophils in neonate lungs, we calibrated a protocol based on previous studies (Denzel et al., 2008; Guilliams et al., 2013) . Mice were injected i.n. with 7ml of 100 mg anti-Fcεr1a (MAR1; eBioscience) or IgG isotype control (Armenian hamster, eBioscience) twice, at 10h and 15h following birth. Lungs were purified from injected neonates 30h following birth and CD45 + cells were sorted for RNA-seq analysis.
Phagocytosis assay
Phagocytosis assays were performed as described earlier (Sharif et al., 2014) . AM were isolated by bronchoalveolar lavage (BAL). In brief, the trachea of mice was exposed and cannulated with a sterile 18-gauge venflon (BD Biosciences) and 10ml of sterile saline were instilled in 0.5ml steps. Total cell numbers in the retrieved BAL fluid (comprising > 95% AM) were counted using a Neubauer chamber. To assess bacterial phagocytosis, 1-2.5 3 10 5 AM were plated and allowed to adhere for 3h in RPMI containing 10% fetal calf serum (FCS), 1% penicillin and 1% streptomycin. Next, AM were incubated with FITC-labeled heat-inactivated S. pneumoniae (MOI 100) for 45min at 37 C or 4 C (as a negative control). Cells were washed and incubated with proteinase K (50 mg/ml) for 10min on ice to remove adherent bacteria. Uptake of bacteria was assessed via flow cytometry and the phagocytosis index was calculated as (MFI 3 % positive cells at 37 C) minus (MFI 3 % positive cells at 4 C).
Single-molecule fluorescent in situ hybridization
Neonates in the age of 7 days were perfused with PBS. Lung tissues harvested and fixed in 4% paraformaldehyde for 3h at 4 C, incubated overnight with 30% sucrose in 2% paraformaldehyde at 4 C and then embedded in OCT. Cryo-sections (6mm) were used for hybridization. Probe libraries were designed and constructed as previously described (Table S5 ) (Itzkovitz et al., 2012) . Single molecule FISH probe libraries consisted of 48 probes of length 20 bps. smFISH probe libraries of Il1rl1, Il33, and Mcpt8 probes were coupled to Cy3, AF594, and cy5, respectively. Hybridizations were performed overnight in 30 C. DAPI dye for nuclear staining was added during the washes. Images were taken with a Nikon Ti-E inverted fluorescence microscope equipped with a x60 and x100 oil-immersion objective and a Photometrics Pixis 1024 CCD camera using MetaMorph software (Molecular Devices, Downington, PA). smFISH molecules were counted only within the DAPI staining of the cell.
Histology and immunohistochemistry
For histologic examination, paraffin-embedded lung sections were taken at indicated time-points. To stain for proSP-C, endogenous peroxidase activity was quenched and antigen was retrieved with Antigen Unmasking Solution (Vector Laboratories, H-3300). Blocking was done in donkey serum and the slides were then stained with anti-proSP-C (Abcam), followed by secondary goat-anti-rabbit IgG antibody (Vector Laboratories), and signal amplification using the Vectastain ELITE kit (Vector Laboratories). For F4/80 staining, antigen was retrieved using protease type XIV (SIGMA), followed by blocking with rabbit serum and staining with rat-anti-mouse F4/80 mAb (AbD Serotec). A secondary rabbit-anti-rat IgG Ab (Vector Laboratories) was applied and the signal was amplified with Vectastain ELITE kit (Vector Laboratories). For Mcpt8 staining, an anti-GFP Ab (Abcam) was used followed by a secondary biotinylated rabbit-anti-goat IgG Ab (Vector Laboratories). For detection, Peroxidase Substrate kit (Vector) or Vector VIP Peroxidase Kit (Vector Laboratories) was applied. Cell structures were counter-stained with hematoxylin or methylgreen and pictures were taken on an Olympus FSX100 Microscope.
For whole lobe analysis, slides were scanned using a TissueFAXS imaging system (TissueGnostics GmbH) equipped with a Zeiss Axio Imager.Z1 microscope (Carl Zeiss, Jena, Germany). Images were taken using a PCO PixelFly camera (Zeiss).
Tissue clearing
Tissue clearing protocol was performed as described earlier (Fuzik et al., 2016) . In short, lungs at indicated time-points were perfused once with PBS and afterward with 7.5% formaldehyde in PBS. Lung lobes were fixed in 7.5% formaldehyde in PBS at room temperature overnight. Lung lobes were cleared using CUBIC reagent 1 (25 wt% urea, 25 wt% N,N,N',N'-tetrakis(2-hydroxypropyl) ethylenediamine and 15 wt% Triton X-100) for 4 days (30h PN, day 8.5) or 7 days (8-weeks) at 37 C. After repeated washes in PBS, lung lobes were incubated in blocking solution (PBS, 2.5% BSA, 0.5% Triton X-100, 3% normal donkey serum) and afterward placed in primary antibody solution (1:100; goat anti-mouse GFP, abcam) for 4 days (30h PN, day 8.5) or 5 days (8-weeks) at 37 C. After washing the secondary antibody solution (1:500; donkey anti-goat AF555, Invitrogen) was added for 4 days (30h PN, day 8.5) or 5 days (8-weeks) at 37 C. After re-washing with PBS and a fixing step for 2h at room temperature in 7.5% formaldehyde, washing steps were repeated and lung lobes were incubated in CUBIC reagent 2 (50 wt% sucrose, 25 wt% urea, 10 wt% 2,20,20'-nitrilotriethanol and 0.1% v/v% Triton X-100) for another 4 days (30h PN, day 8.5) or 7 days (8-weeks). Cleared lung lobes were imaged in CUBIC reagent 2 with a measured refractive index of 1.45 using a Zeiss Z1 light sheet microscope through 5x detection objective, 5x illumination optics at 561 laser excitation wavelength and 0.56x zoom. Z stacks were acquired in multi-view tile scan mode by dual side illumination with light sheet thickness of 8.42 mm and 441.9ms exposure. Stitching, 3D reconstruction, visualization and rendering was performed using Arivis Vision4D Zeiss Edition (v.2.12).
QUANTIFICATION AND STATISTICAL ANALYSIS
Low level processing and filtering All RNA-Seq libraries (pooled at equimolar concentration) were sequenced using Illumina NextSeq 500 at a median sequencing depth of 58,585 reads per single cell. Sequences were mapped to mouse genome (mm9), demultiplexed, and filtered as previously described , extracting a set of unique molecular identifiers (UMI) that define distinct transcripts in single cells for further processing. We estimated the level of spurious UMIs in the data using statistics on empty MARS-seq wells (median noise 2.7%; Figure S1 ). Mapping of reads was done using HISAT (version 0.1.6) (Kim et al., 2015) ; reads with multiple mapping positions were excluded. Reads were associated with genes if they were mapped to an exon, using the UCSC genome browser for reference. Exons of different genes that shared genomic position on the same strand were considered a single gene with a concatenated gene symbol. Cells with less than 500 UMIs were discarded from the analysis. After filtering, cells contained a median of 2,483 unique molecules per cell. All downstream analysis was performed in R.
Data processing and clustering
The Meta-cell pipeline ) was used to derive informative genes and compute cell-to-cell similarity, to compute K-nn graph covers and derive distribution of RNA in cohesive groups of cells (or meta-cells), and to derive strongly separated clusters using bootstrap analysis and computation of graph covers on resampled data. Default parameters were used unless otherwise stated.
Clustering of lung development was performed for the immune (CD45 + ) and non-immune (CD45 -) compartments combined. Cells with high (> 64) combined expression of hemoglobin genes were discarded Alas2, . We used bootstrapping to derive robust clustering (500 iterations; resampling 70% of the cells in each iteration, and clustering the co-cluster matrix with minimal cluster size set to 20). No further filtering or cluster splitting was performed on the meta-cells.
In order to annotate the resulting meta-cells into cell types, we used the metric FP gene,mc (Table S2) , which signifies for each gene and meta-cell the fold change between the geometric mean of this gene within the meta-cell and the median geometric mean across all meta-cells. The FP metric highlights for each meta-cell genes which are robustly overexpressed in it compared to the background. We then used this metric to ''color'' meta-cells for the expression of lineage specific genes such as Clic5 (AT1), Ear2 (macrophages), and Cd79b (B cells), etc. Each gene was given a FP threshold and a priority index -such that coloring for AT1 by Clic5 is favored over coloring for general epithelium by Epcam. The selected genes, priority, and fold change threshold parameters are as follows: 
Trajectory finding
To infer trajectories and align cells along developmental pseudo-time, we used the published package Slingshot (Street et al., 2017) . In short, Slingshot is a tool that uses pre-existing clusters to infer lineage hierarchies (based on minimal spanning tree, MST) and align cells in each cluster on a pseudo-time trajectory. Since our data is complex and contains many connected components and time points, we chose to apply Slingshot on subsets of interconnected cells type, namely E16.5 monocytes and macrophage II and III (dataset a), and the fibroblast lineage (dataset b).
For dataset a, we performed Slingshot on all macrophages II-III and on monocyte meta-cells with low relative expression of Ly6c2 (excluding differentiated monocytes and retaining E16.5 monocytes). For each dataset we chose a set of differential genes between the cell types (FDR corrected chi 2 test, q < 10 À3 , fold change > 2). We performed PCA on the log transformed UMI normalized to cell size. We ran Slingshot on the seven top principal components, with monocytes and fibroblast progenitors as starting clusters.
We first observe strong AT1 and AT2 signatures on day E18.5. This is parallel to disappearance of progenitor epithelium cells. From this we hypothesized that the precise branching point is not sampled with high temporal resolution in our developmental cohort, rendering Slingshot inefficient for this particular case. Instead, we examined whether progenitor epithelial cells on day E16.5 may be already primed toward either AT1 or AT2. To detect AT1 AT2 priming in epithelium progenitors, we used published gene lists of AT1 and AT2 (Treutlein et al., 2014) and computed two scores by the following term: P gene logð1 + 7 Ã UMI cell gene Þ: We then examined score distribution in epithelium progenitors.
Interaction maps
To visualize all lung interactions, we used a published dataset of ligand and receptor pairs (Ramilowski et al., 2015) . We applied a lenient filtering, including all LR with > 13 UMI in at least one meta-cell (normalized to meta-cell size). We computed the Spearman correlation between the log transformed UMI (down-sampled to 1000 UMI), and used hierarchical clustering to identify LR modules (cutree with K = 15). We built a scaffold of an interaction graph by computing the Spearman correlation between LR modules and connecting edges between modules with r > 0.4, generating a graph with the Rgraphviz package. We projected single LR on the graph scaffold by computing the mean x,y coordinates across all LR with r > 0.05 ( Figure 3B ).
To determine enrichment of non-immune-non-immune and immune-immune interactions we determined for each LR whether it's mainly expressed in the non-immune or the immune compartments (log 2 fold change > 1, Figure S3C ). We computed the number of NI-NI and I-I interactions and compared to 10,000 randomly generated graphs. Importantly, as the interaction graph is not regular, we preserved nodes' degrees for each randomly generated graph. Ligand functional groups were extracted from David GO annotation tool (Huang et al., 2009) , and curated manually.
For projections in Figures 3E-3H , a cell type was determined to express a LR if its expression was more than two fold higher than in all other cells.
Mapping cells to the lung cluster model
Given an existing reference single cell dataset and cluster model, and a new set of single cell profiles, we extract for each new cell the K (K = 10) reference cells with top Pearson correlation on transformed marker gene UMIs as described above. The distribution of cluster memberships over these K-neighbors was used to define the new cell reference cluster (by majority voting).
Basophil profiling, ex vivo and co-culture analysis
We used the MetaCell pipeline to analyze and filter the following datasets: (a) lung and blood derived basophils ( Figures 4E-4G) ; (b) Il1rl1 knockout and control ( Figures 5G and 5H) ; (c) ex vivo grown basophils (Figures 5J-5L and S5D); (d) and ex vivo co-culture of macrophages and basophils (Figures 6L, 6M, and S6J ). Meta cell analysis was performed with default settings. In each dataset we identified basophils and filtered contaminants by selecting meta-cells with increased mean expression of Mcpt8 against the median.
In the co-culture experiment (d), meta-cells were determined as macrophages by increased mean expression of Csf1r.
To compute the combined expression of genes in single cells ( Figures S5E and S5K) , we computed the following term: P gene logð1 + 7 Ã UMI cell gene Þ. This allows pooling of gene at different expression levels.
TissueFAXS quantification
TissueFAXS images were processed by MATLAB (R2014b). Segmentation of alveoli was performed by a custom-made pipeline. Images were converted to grayscale and enhanced, opened and closed with a disk size of 15 pixels. Alveoli were determined by intensity threshold of 200. Areas larger than 300,000 pixels were discarded. Segmentation of nuclei was performed by a similar pipeline (disk size = 5 pixels), followed by applying a watershed algorithm, and detection of local minima. Images were converted to L*A*B color-space, and mean values of each nucleus were collected. Nuclei at the edges of the section were discarded. Nuclei with area < T area , mean luminance > T l or high circularity score (> T circ ) were discarded. Nuclei distances to alveoli (in pixels) were calculated with the bwdist method. Basophils (which are YFP + ) are distinguished from other nuclei by their dark brownish hue ( Figure 4A ). Therefore, we identified basophils by having low mean luminance and high mean b color channel (mean(b) -mean(l) > T baso ). For day 8.5 PN lobes we used the following parameters: T area = 50; T l = 60; T circ = 5; T baso = À40. For 8 weeks lobes we used the following parameters: T area = 20; T l = 60; T circ = 5; T baso = À40. To validate that our results are not affected by low quality sections, we randomly selected subsections from each TissueFAXS lobe, and manually inspected them for image clarity. We repeated until we obtained at least 200 basophils per lobe, or until no more basophils existed in lobe. We tested for significance of distances to alveoli as follows:
For each lobe we rank-transformed all nuclei distances separately. We then randomly selected N baso nuclei from each lobe (where N baso stand for the number of basophils in that lobe), and calculated the median ranked distance. We repeated this permutation process 10 5 times for each time point and compared them to the observed median ranked distances.
Data and Software Availability
The accession number for the raw and processed scRNA-seq data reported in this paper is GEO: GSE119228. Software and custom code will be available by request. 
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Retnlg Il1b (D) Quantification of YFP + fraction in lung cells derived from Mcpt8 YFP/+ transgenic neonates at 30h PN, and enriched for basophils (CD45 + cKit -Fcεr1a + ), compared to mast cells (CD45 + cKit + ) and the CD45 + compartment; n = 6. Student's t-test (two tailed): ***p < 0.001. (E) Quantification of CD49b + lung basophils compared to mast cells and total CD45 + cells at 30h PN by flow cytometry; n = 6. One-way ANOVA: ***p < 0.001; Student's t-test (two tailed) between basophil and mast cells: ***p < 0.001; Data are represented as mean ± SEM (F) Gating strategy for basophils derived from blood circulation (low panel) and lung parenchyma (upper panel) at E16.5, 30h PN and 8 weeks old mice, according to Fcεr1a + cKitexpression. (G) Differential gene expression between lung and blood basophils in 30h PN (y axis) and adult (8 weeks, x axis) mice. Inlet displays percentages of differentially expressed genes (fold change > 1) in each quartile. Red genes were selected for the definition of the lung basophil signature (Figures 4 and 5) . (H) Specificity of basophils expressed ligands across all lung cell types. Expression threshold is 2-fold change (Table S3 ). Colors represent cell types, as in Figure 1 . Figure S5 . Lung Resident Basophils Are Primed by IL33 and GM-CSF, Related to Figure 5 (A) Gene expression similarity of Il1rl1 knockout, or its littermate control, lung basophils to lung or blood basophils derived from mice at 30h PN. Each Il1rl1 KO cell was assigned to either blood or lung by k nearest neighbor majority voting (STAR Methods). (B-E) BM-derived cells were grown with IL3 to induce basophils for 10 days and then cKITcells were sorted for plating. Basophils were plated for 16h with IL3 alone (a), IL3 and GM-CSF (b) IL3 and IL33 (c) and a combination of IL3, IL33 and GM-CSF (d). (B) BM-derived cells were enriched for BM-basophils by negative selection using cKit beads. Percentage of pure BM-basophil population out of total BM cells was evaluated by FACS. (C) Heat-map represents gene expression profiles of basophils that were grown with different combinations of cytokines. Color bar indicates a-d cytokine combinations. (D) Differential gene expression between basophils grown with one cytokine (x axis -GM-CSF; y axis -IL33) and naive basophils (grown with IL3 alone). Horizontal and vertical intercepts indicate thresholds for IL33 and GM-CSF induced gene programs, respectively. (E) Distribution of lung basophil specific signature ( Figure S4G ) in BM-derived basophils grown under the four conditions. Boxplots display median bar, first-third quantile box and 5th-95th percentile whiskers. **p = 0.009; Kolmogorov-Smirnov test. (F) Scoring biological replicates from the a-d cytokine conditions for their expression of the IL33 induced program (y axis) and the GM-CSF induced program (x axis). Conditions a and d are from three independent experiments. (G) Scoring meta-cells from the Il1rl1 knockout lung basophils and their littermate controls at 30h PN, for their expression of the IL33 induced program (y axis) and the GM-CSF induced program (x axis). Figure S6 . Lung Basophils Are Essential for Transcriptional and Functional Development of AM, Related to Figure 6 (A) Dual projection of the ligand Csf1 (green) and its unique receptor Csf1r (red) on the single cell map from Figure 1 . Colors indicate expression quantiles. Bar plots indicate ligand and receptor normalized expression per 1,000 UMI across cell types. (B) Illustration of the basophil depletion experiment. Newborn mice were injected intra-nasally with anti-Fcεr1a antibody for basophils depletion or with isotype control twice, at 12h and 16h PN, and viable CD45 + cells were sorted for MARS-seq processing and analysis at 30h PN. (C) Gating strategy for CD45 + Fcεr1a + cKitlung basophils derived from anti-Fcεr1a or isotype control injected neonates. (D) Frequency of different cell types from total CD45 + cells in lungs derived from anti-Fcεr1a and isotype control injected mice, as determined by mapping single cells to the lung model (Figure 1 ; STAR Methods). Numbers were scaled to match control levels between experiments. Student's t-test (two tailed): *p = 0.02; n = 3.
